Cilia project from the surface of most eukaryotic cells and consist of a microtubule-based axoneme surrounded by a specialized ciliary membrane. Cilia that contain dynein arms are motile and play diverse roles in cell motility, fluid transport, and even in patterning the body of vertebrate embryos. A well-known example is left-right (LR) specification determined by cilia-generated fluid flow in the embryonic mouse node^[@R1]^. Because of their critical and diverse functions, cilia have been linked to a variety of diseases^[@R2]^ such as polycystic kidney disease (PKD; MIM173900)^[@R3]^ and primary ciliary dyskinesia (PCD; MIM242650)^[@R4]^.

PCD, a heterogeneous disorder with an incidence of 1 in 20,000 to 60,000, is characterized by recurrent respiratory tract infections, male infertility and randomization of LR body asymmetry^[@R4]^. The combination of PCD and *situs inversus* is also referred to as Kartagener syndrome (MIM 244400). The widespread distributions and functions of motile cilia and flagella well explain the multiple phenotypes of PCD. Recent linkage and mutational analyses with PCD patients have so far identified six genes (*DNAH5*, *DNAI1*, *DNAH11*, *OFD*, *RPGR* and *TXND3*) responsible for PCD^[@R5],[@R6],[@R7],[@R8],[@R9],[@R10]^. Four of these six genes encode subunits of axonemal dyneins, highlighting the importance of dynein motors to ciliary motility.

Medaka fish, *Oryzias latipes*, is an emerging model vertebrate system^[@R11]^ with a high quality draft genome^[@R12]^and a number of unique mutants^[@R13],[@R14]^. Our recent mutagenesis screen in medaka identified *kintoun* (*ktu*, formerly named *knt*) as a mutant showing organ laterality defects due to altered ciliary motility^[@R15]^. Here we show that the *ktu* gene encodes a novel cytoplasmic protein conserved from ciliated unicellular organisms to higher mammals. Furthermore, we have identified mutations in the homologous gene of two human PCD families and in *pf13*^[@R16]^, a *Chlamydomonas* mutant with paralyzed flagella. In all affected organisms the cilia develop normally but exhibit complete or partial loss of outer and inner dynein arms (ODAs, IDAs), leading to loss of motility. Biochemical data demonstrate that Ktu is not a dynein subunit, but is instead required in the cytoplasm for pre-assembly of dynein arm complexes before they become transported to their destined functional sites within the axoneme^[@R17]^.

Results {#S1}
=======

The medaka *ktu* mutant is defective in axonemal dynein arms {#S2}
------------------------------------------------------------

*ktu* is a typical randomized LR mutant leading to *situs inversus* ([Fig. 1a,b](#F1){ref-type="fig"}). Mutant fish lack directional liquid flow in Kupffer's vesicle (KV) ([Fig. 1c, d](#F1){ref-type="fig"})^[@R15]^, an organ functionally equivalent to the mouse node in terms of LR specification^[@R18],[@R19]^. Although the number and length of cilia in KV appear normal ([Fig. 1e, f](#F1){ref-type="fig"}), their motility is completely lost ([Supplementary movies S1](#SD1){ref-type="supplementary-material"}, [S2](#SD3){ref-type="supplementary-material"}). *ktu* homozygous fish are viable but develop PKD ([Fig. 1m--o](#F1){ref-type="fig"}, Supplementary Fig. S2a). Furthermore, male mutant fish exhibit impaired sperm motility, leading to reduced fertility ([Fig. 1k, l](#F1){ref-type="fig"}; [Supplementary movies S3](#SD4){ref-type="supplementary-material"}, [S4](#SD5){ref-type="supplementary-material"}). Ultrastructurally, affected cilia/flagella exhibit partial or complete loss of ODAs and IDAs ([Fig. 1g--j](#F1){ref-type="fig"}). This loss of dynein arms is more severe in KV cilia than in sperm flagella (see Supplementary Table S1).

Positional cloning identified a candidate gene encoding 588 amino acids, with a single nucleotide change between homozygous *ktu* and wild-type embryos, creating a premature stop codon (c.841C\>A \[p.Y243X\]) ([Fig. 1p](#F1){ref-type="fig"}; Supplementary Fig. S2d). Knockdown experiments with morpholino anti-sense oligonucleotides and rescue experiments with wild-type mRNA confirmed that we correctly identified the responsible gene (Supplementary Table S2 and S3). Ktu shows homology to the human hypothetical protein encoded by *c14orf104* (NM_018139.2). Database searches also identified homologous genes in other vertebrates, insects, *Chlamydomonas*, and *Tetrahymena* but not in *C. elegans*, *A. thaliana*, *S. cerevisiae* or *D. discoideum* (Supplementary Fig. S2e). Their N-terminal half as well as a short stretch of the C-terminal end are relatively conserved among all Ktu homologs ([Fig. 1p](#F1){ref-type="fig"}, Supplementary Fig. S1). The conserved N-terminal region shows a weak similarity to NOP17, a yeast nucleolar protein involved in assembly of pre-rRNA processing complexes^[@R20],[@R21],[@R22]^.

RT-PCR analysis detected *ktu* expression in medaka embryos and nearly all organs of adult mice, with higher expression in mouse tissues known to have motile cilia/flagella, such as brain and testis (data not shown). The subcellular localization of Ktu was then examined using an antibody specific for medaka Ktu. In the stained sperm, only the cytoplasm but not the flagellum is positive for Ktu (Supplementary Fig. S2g). In renal tubules, which are lined by a single layer of tall columnar cells with either single or multiple motile cilia at the apical surface (Supplementary Fig. S2b, c)^[@R23]^. Ktu is localized in the apical cytoplasm around the γ-tubulin-positive pericentriolar region, not in the cilia ([Fig. 1q, r](#F1){ref-type="fig"}). In most cases, Ktu and γ-tubulin signals did not co-localize. We conclude that Ktu is mainly concentrated in the apical cytoplasm.

Mutations in *KTU* cause PCD in humans {#S3}
--------------------------------------

The observed *ktu* phenotype in medaka led us to consider the human orthologue *KTU* as a promising candidate gene for human PCD. *KTU* (previously *C14orf104*) is located on chromosome 14q21.3 and consists of three exons encoding cDNAs of 2,511 bp or 2,367 bp (the latter an in-frame splice variant lacking exon2) ([Fig. 2c](#F2){ref-type="fig"}). We have screened affected individuals originating from 112 PCD families for the presence of a mutation in their *KTU* gene. In two consanguineous families we identified homozygous loss-of-function mutations (OP-146: c.1214\^1215insACGATACCTGCGTGGC \[p.G406Rfs89X\]; OP-234: c.23C\>A \[p.S8X\]) which is consistent with homozygosity by descent ([Fig. 2a, b](#F2){ref-type="fig"}). All parents were heterozygous for the detected mutations and, in family OP-146, the mutation clearly co-segregated with the disease status. In Western blots of cell lysates from control respiratory cells, an anti-KTU antibody detects a specific band at \~95kDa, compatible with the size of the predicted 837 amino acid KTU protein encoded by all three exons ([Fig. 2c](#F2){ref-type="fig"}). In contrast, no specific band was detected for the affected children of family OP-146, confirming a loss-of-function mutation in the *KTU* gene ([Fig. 2c](#F2){ref-type="fig"}). Consistent with the immunohistochemistry in medaka, human KTU was detectable in the cytoplasm but not in ciliary fractions of respiratory cells ([Fig. 2d](#F2){ref-type="fig"}).

All three affected patients have suffered from chronic otitis media and sinusitis, and recurrent pneumonia since birth. Two of the affected (OP-146 II3; OP-234 II1) had developed bronchiectasis. In OP-234 II1 bronchiectasis was so severe that the destroyed middle lobe had to be removed because of persistent pneumonia. Complete *situs inversus* was present in two of the three affected individuals (OP-146 II1; OP-234 II1) with *KTU* mutations, which is consistent with randomization of LR body asymmetry ([Fig. 2e--h](#F2){ref-type="fig"}). Interestingly, unlike in medaka *ktu*, their kidneys were of normal size and devoid of cysts ([Fig. 2e--h](#F2){ref-type="fig"}). This probably reflects a difference in the origin of kidneys, mesonephric for fish and metanephric for mammals. High-speed video microscopy demonstrated complete immotility of respiratory cilia in all three affected patients and of sperm in both affected males ([Supplementary movies S5](#SD6){ref-type="supplementary-material"}--[8](#SD9){ref-type="supplementary-material"} and [S9](#SD10){ref-type="supplementary-material"}, [10](#SD2){ref-type="supplementary-material"}).

Transmission electron microscopy (EM) of respiratory cilia and sperm tails identified abnormal axonemal dynein arms (Supplementary Fig. S3a). To further corroborate ultrastructural findings, we performed high-resolution immunofluorescence microscopy in control and *KTU* mutant respiratory cells using specific monoclonal antibodies against dynein arm components (See Supplementary Fig. S4 for antibody specificity and Fig. S3 for staining data). We observed the absence of ODA components DNAH5 (gamma heavy chain) and DNAI2 (intermediate chain) from the distal ciliary axonemes, but some residual staining was present in proximal proteins (Supplementary Fig. S3b, d), indicating that loss of KTU more strongly affects the assembly of distally located type 2 ODA complexes that specifically contain dynein β-HC (heavy chain) orthologue DNAH9 (Supplementary Fig. S3c)^[@R24]^. In sperm, we observed complete loss of DNAI2 (Supplementary Fig. S5). We then analyzed localization of DNALI1, the orthologue of *Chlamydomonas* p28, which is a component of several IDA subtypes^[@R25],[@R26]^. Consistent with IDA defects, the antibody to DNALI1 failed to show any positive signal in ciliary axonemes of these patients (Supplementary Fig. S3e). Hence we conclude that in man, like in medaka, *KTU* mutations cause PCD with combined ODA and IDA defects. Interestingly, combined ODA/IDA defects were only present in a small proportion of analyzed PCD patients (17 of 112), of which approximately 12% (2 of 17) are caused by mutations in the *KTU* gene. In contrast, mutations in *DNAH5*, a major causative gene for PCD^[@R27]^, only affect ODA components without mis-localization of the IDA component, DNALI1 (data not shown).

*Chlamydomonas KTU* homolog *PF13* is required for dynein pre-assembly {#S4}
----------------------------------------------------------------------

During this study, we found that the *KTU* homolog in *Chlamydomonas*, a single-celled alga used extensively for analysis of cilia/flagella, is *PF13*, a locus required for ODA assembly^[@R16]^. The *Chlamydomonas pf13* gene was identified by cloning DNA from the insertion site of transformation-generated mutant allele *pf13-3* (Supplementary Fig. S6)^[@R28]^. Gene identity was confirmed by rescuing the mutant phenotype with wild-type genomic clones (Supplementary Table S5), and by the absence of the gene product in mutant cells (Supplementary Fig. S4f). Sequence of genomic and cDNA clones revealed that *PF13* encodes a protein homologous to vertebrate Ktu (Supplementary Fig. S1). As expected, Western blots show that PF13 is exclusively localized in the cytoplasm but not in flagella ([Fig. 3e](#F3){ref-type="fig"}), a pattern distinct from that of intraflagellar transport (IFT) components such as IFT46, which are present in both cell body and flagellar fractions ([Fig. 3e](#F3){ref-type="fig"}).

Unlike most other *Chlamydomonas* ODA assembly mutants, which swim slowly with reduced flagellar beat frequencies^[@R25]^, *pf13* mutant cells are paralyzed^[@R16]^. EM image averages show that a density is missing from the IDA region in *pf13* axonemes ([Fig. 3a, b](#F3){ref-type="fig"}), consistent with IDA depletion in vertebrate mutant cilia ([Fig. 1j](#F1){ref-type="fig"} and Supplementary Fig. S3e), which likely accounts for the paralyzed phenotype^[@R25]^. Western blots show that ODA subunits are greatly depleted from *pf13* flagella, but IDA subunits IC97 and IC140 (needed for assembly of heterodimeric I1 dynein) remain at normal levels ([Fig. 3c](#F3){ref-type="fig"}). Unlike in human patients, light chain p28 (homolog of DNALI1) also remains at wild-type levels, perhaps related to the ability of p28 to assemble independently of dynein heavy chains in *Chlamydomonas*^[@R29]^. Consistently, at least one p28-associated IDA heavy chain, HC9 (the motor subunit of monomeric dynein c) is greatly reduced in *pf13* flagella ([Fig. 3c](#F3){ref-type="fig"}).

*Chlamydomonas* cells disassemble and reassemble their flagella once each cell cycle, and maintain a sizable cytoplasmic pool of flagellar subunits. Some *Chlamydomonas* dynein assembly mutations prevent pre-assembly of a dynein complex in this cytoplasmic pool^[@R17]^, whereas others appear to block trafficking of complexes into flagella by IFT^[@R30]^. Western blots show that IDA HC9 and all three ODA heavy chains are depleted from *pf13* cytoplasm, whereas ODA intermediate chains accumulate above normal levels ([Fig. 3d](#F3){ref-type="fig"}), indicating that *pf13* blocks an early step in dynein assembly. To further test the effects of *pf13* on dynein assembly, HCβ and IC2 subunits were immunoprecipitated from wild-type and *pf13* cytoplasmic extracts. Western blots ([Fig. 3f](#F3){ref-type="fig"}) confirm that intermediate chains (IC2) and light chains (LC6) co-precipitate with heavy chains (HCβ) from wild-type extracts^[@R17]^, but show that the small remaining amount of HCβ present in *pf13* extracts fails to co-precipitate IC2 or LC6 and thus HCβ has not assembled with other subunits. Furthermore, anti-IC2 co-precipitates IC2 and LC6 (as well as IC1 and LC2; data not shown), demonstrating that intermediate and light chains can still pre-assemble in *pf13* cytoplasm. We conclude that PF13/Ktu is needed for ODA heavy chain stability, possibly by aiding assembly of heavy chains with other subunits, as diagrammed in [Figure 3g](#F3){ref-type="fig"}.

Mouse Ktu interacts with Hsp70 and dynein intermediate chain, DNAI2 {#S5}
-------------------------------------------------------------------

The above results implicate Ktu in the cytoplasmic assembly of dynein complexes in algae. To explore this possibility in vertebrates, we performed immunoprecipitations (IP) using rabbit anti-mouse Ktu (mKtu) antibody ([Fig. 4a](#F4){ref-type="fig"}). mKtu is expected to have a similar function to medaka and human counterparts, because mKtu rescued the phenotype of medaka *ktu* mutants (Supplementary Table S4) and *ktu*-knockout mice exhibit PCD-like phenotypes (unpublished data). As shown in [Fig. 4b](#F4){ref-type="fig"}, our IP experiment demonstrated that mKtu co-precipitates with at least one of the intermediate chains, DNAI2 (IC2 in *Chlamydomonas*), which shows defective assembly in human (Supplementary Fig. S3d) and *Chlamydomonas* ([Fig. 3c](#F3){ref-type="fig"}) mutant cilia. This was further supported by a glutathione S-transferase (GST) pull-down assay using three mKtu constructs ([Fig. 4c](#F4){ref-type="fig"}): both full length and (more weakly) the conserved N-terminal half have the ability to pull down DNAI2, while the C-terminal region fails to show such interaction ([Fig. 4d](#F4){ref-type="fig"}).

To obtain mechanistic insight into mKtu function, we globally looked for interacting proteins by applying MALDI-TOF mass/mass spectrometry to immunopreciptates from mouse testis extracts. This analysis identified Hsp70 as one of the major interacting proteins (Supplementary Fig. S7). Among molecular chaperones examined, Hsp70 and Hsp90 are the most highly expressed in mouse testis (data not shown), but only Hsp70 co-immunoprecipitates with mKtu ([Fig. 4b](#F4){ref-type="fig"}). This was further confirmed by GST-pull-down assay ([Fig. 4d](#F4){ref-type="fig"}).

Discussion {#S6}
==========

In the present study, forward genetics of medaka and *Chlamydomonas* has been successfully applied to isolate a novel gene required in the cytoplasm for ciliary function, which has unique properties compared with other PCD genes. The isolated gene, called *ktu/pf13*, is conserved among animals and ciliated unicellular organisms. As expected, this gene is not found in organisms that lack cilia, such as yeast and *Arabidopsis*, or that have only non-motile cilia (*C. elegans*). Consistently, a previous genomic comparison categorized a partial *Chlamydomonas PF13* sequence (MOT45), as a gene only found in organisms with motile cilia^[@R31]^. Thus Ktu is an ancient protein essential for the motility of all eukaryotic cilia/flagella. The phenotypic similarity of the mutants in three organisms examined suggests that the function of Ktu/PF13 for dynein arm pre-assembly has been evolutionarily conserved from algae to humans.

Our biochemical analyses provided important insight into the proposed function of Ktu/PF13 as a facilitator of dynein pre-assembly, by revealing specific defects in the interaction of intermediate and heavy chains in the cytoplasm ([Fig. 3g](#F3){ref-type="fig"}). Indeed, it has been shown that assembled dynein arms form a cytoplasmic precursor pool and are transferred to a loading zone around the basal body where IFT comes into play^[@R17],[@R32]^. The finding of reduced heavy chain and increased intermediate chain abundance in *pf13* cytoplasm ([Fig. 3d](#F3){ref-type="fig"}) is consistent with an altered pre-assembly process. Furthermore, IP and GST-pull-down assays demonstrated interaction between mKtu and one of the intermediate chains, DNAI2. However, only a small fraction of the dynein co-precipitated with Ktu ([Fig. 4](#F4){ref-type="fig"}), suggesting transient and/or indirect interaction during complex formation. Since Hsp70 was found to be a major interacting protein, Ktu/Pf13 could work as a co-chaperone to localize general functions of molecular chaperones (holding, assembling and protecting of proteins from degradation) to dynein arm formation^[@R33]^. Although Hsp70 is also found in cilia, axonemal Hsp70 is exclusively associated with central pair microtubules, not dyneins^[@R34]^. We therefore believe Hsp70 in these IP fractions is not a subunit of an axonemal dynein, but rather facilitates dynein pre-assembly in conjunction with Ktu. Such a role for Ktu/Pf13 would be consistent with the proposed role of its distant homologue, NOP17, as a co-chaperone to Hsp90 for assembly of yeast pre-mRNA processing complexes^[@R21],[@R22]^. Although much progress has been made in understanding the mechanisms of IFT^[@R35],[@R36]^, very little is known about the cytoplasmic process for pre-assembly of dynein complexes. Ktu/PF13 will thus be a good starting point to understand this cytoplasmic process.

METHODS SUMMARY {#S7}
===============

The medaka *ktu* mutant {#S8}
-----------------------

*ktu* was isolated in our recent ENU-induced mutagenesis screening^[@R14]^ as a recessive mutant showing LR randomization in heart looping.

Antibodies to Ktu/Pf13 {#S9}
----------------------

We generated polyclonal antibodies to medaka Ktu by immunizing rabbit with two peptides (GSPNPTSDPQNENQTRV, GKKIQKRNERPEHEVKN), to mouse Ktu with His-tagged full-length Ktu and to *Chlamydomonas* Pf13 with GST-fusion protein containing amino acids 3--460. The antibody to human KTU is commercially available, as targeted against anonymous uncharacterized protein C14orf104 (Atlas Antibodies). This antibody did not work well in immunohistochemistry in respiratory cells.

Immunohistochemistry and immunoblotting {#S10}
---------------------------------------

For medaka tissues, paraffin-embedded sections (5 µm) were deparaffined and boiled in 1 mM EDTA for 17 min. using microwave and blocked in 5% skim milk, before incubation with primary antibodies. For high-resolution immunofluorescence microcopy and immunoblotting human respiratory epithelial cells were analyzed as previously described^[@R24]^. Monoclonal mouse anti-DNAH5 (aa42--aa325) and anti-DNALI1 (aa3--aa280) antibodies were raised by immunization of mice with bacterial expressed His-tagged protein truncations. Polyclonal rabbit anti-DNAH9 (aa75--aa220) antibodies were raised by immunization of rabbit with bacterial expressed maltose-tagged protein truncations.

*Chlamydomonas pf13* mutant {#S11}
---------------------------

The *PF13* gene was cloned from insertional allele *pf13-3*^[@R28]^ (Supplementary Fig. S6) which was previously created by transformation of a *nit2* strain with plasmid pMN60, and was provided by Dr. Paul Lefebvre (Univ Minn). The *pf13-3* allele was used for all work presented.

Mouse testis cytosolic extract {#S12}
------------------------------

Seminiferous tubules were taken from the testis of adult male mice (B6). Homogenized samples were filtered through cell strainer and centrifuged. The supernatant was then ultracentrifuged and used as testis cytosolic extracts for immunoprecipitation and pull-down assay.

Patients and mutational analysis {#S13}
--------------------------------

Signed and informed consent was obtained from patients fulfilling diagnostic criteria of PCD^[@R4]^. The three *KTU* exons were amplified by PCR and sequenced bidirectionally. In specimen from patients with *KTU* mutations ciliary and sperm flagella beat was assessed using a high-speed video microscopy system^[@R24]^.

Methods {#S14}
=======

Immunohistochemistry {#S15}
--------------------

For immunohistochemistry of renal tubules were fixed in 4% paraformaldehyde (PFA) in PBST for 1 hr. After dehydration, they were paraffin-embedded and sectioned at 5 µm. The sections were deparaffined and boiled in 1 mM EDTA for 17 min. using microwave and blocked in 5% skim milk in PBST. The Ktu signal was amplified with VECTASTAIN ABC elite kit (Vector Laboratory, UK) and TSA-Alexa647 (Molecular Probes).

Antibodies used include mouse monoclonal antibodies to α-tubulin (DM-1A, SIGMA, MO), γ-tubulin (GTU-88, SIGMA, MO) and acetylated- α-tubulin (6-11B-1, SIGMA, MO). Secondary antibodies (Alexa Fluor 488 and Alexa Fluor 555) were from Molecular Probes/Invitrogen (Eugene, OR). DNA was stained with propidium iodide (SIGMA, MO).

Video microscopy of cilia {#S16}
-------------------------

Medaka sperm motility was captured using 40 × lens on Olympus BX61 equipped with ARTCAM-130MI-BW (ARTRAY, Japan). Movies were acquired about 100 frames per second and played back at 30 frames per second. KV cilia movement was captured using a 60 × water immersion lens on Olympus high-speed microscope system (Olympus, Japan) equipped with FASTCAM-MAX (Photron, Japan).

Electron microscopy for medaka {#S17}
------------------------------

Medaka embryos were dechorionated, using hatching enzyme in 1 × Yamamoto ringer, before fixation. Dechorionated embryos were incubated in 1 × Yamamoto ringer until the 8-somite stage. Embryos were fixed and processed as previously described^[@R37]^. For electron microscopy of the sperm flagella, collected sperm were processed as described^[@R38]^.

GST pull-down assay {#S18}
-------------------

pGEX 4T-2 plasmids (GE Healthcare, PA) containing mKtu full length/N/C2 cDNA were used. Transformed and IPTG-induced *E.coli* (BL21 codon+) were sonicated in solubilization buffer (40 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 0.5% Triton-X100). After centrifugation, supernatants were mixed with glutathione sepharose 4B (GE Healthcare, PA) at 4 °C. Glutathione beads were washed with solubilization buffer for 3 times and resuspended with 100 µl of binding buffer (50mM Tris-HCl pH 7.5, 150 mM KCl, 5mM MgCl~2~, 0.8% NP-40).

GST and GST-mKtu full length/ N/ C2 proteins were conjugated with glutathione beads. After each bead was resuspended with 100 µl of binding buffer, 200 µl of mouse testis cytosolic extracts were added and mixtures were rotated at 4 °C for 40 min. Beads were washed with binding buffer for 3 times, proteins were separated by SDS-PAGE and analyzed by western blotting with DNAI2 monoclonal antibody (M01, clone 1C8, Abnova, Taiwan), and alpha-Tubulin (DM 1A, SIGMA, MO). Additional antibodies used include Hsp70 (BD Biosciences, 610607), Hsp90 (BD Biosciences, 610418), and Actin (polyclonal anti-goat IgG, , Santa Cruz).

Immunoprecipitation from mouse testis extracts {#S19}
----------------------------------------------

Anti-mKtu antibody and rabbit control IgG were chemically cross-linked to protein A beads using DMP (Dimethyl pimelimidate, SIGMA). Prepared mouse testis extracts were mixed with 1/4 volume of IP buffer (50mM Tris-Hcl (pH7.5), 150mM KCl, 5mM MgCl2, 0.8% NP-40), then \~15µl of anti-mKtu/rIgG beads (1µg/µl) was added. Mixture was rotated for 3 hours at 4 °C, and then washed with \~20-fold reaction-volume of IP buffer. Immunoprecipitates were eluted from antibody-coupled beads by Elution buffer (100mM Glycine (pH2.0), 150mM NaCl) and neutralized by 1/10 eluted volume of 1.5M Tris-HCl (pH8.8).

For mass-spectrometric analysis, see Supplementary Fig. S7.

Immunoblotting {#S20}
--------------

Protein extracts were prepared from human respiratory epithelial cells. Proteins were separated on a NuPAGE 4--12% bis-tris gel (Invitrogen, Karlsruhe, Germany) and blotted onto a PVDF membrane (Amersham). The blot was processed for ECL plus (Amersham) detection using anti-KTU (Atlas antibodies, Sweden)/anti-GAPDH (1:1000) and anti-rabbit/anti-mouse HRP (1:5000) antibodies (Santa Cruz, Heidelberg, Germany).

Immunofluorescence analysis for human respiratory cells {#S21}
-------------------------------------------------------

Respiratory epithelial cells were obtained by nasal brush biopsy (cytobrush plus, Medscand Malmö, Sweden) and suspended in cell culture medium. Sperm cells were washed with PBS. Samples were spread onto glass slides, air dried and stored at −80°C until use. Staining was performed as described previously^[@R24]^. Antibodies used: mouse anti-acetylated-α-tubulin antibodies (SIGMA, Germany), monoclonal mouse anti-DNAI2 antibodies (Abnova Corporation ,Taiwan), polyclonal rabbit anti-α/β-tubulin (Cell Signaling Technology Inc., MA). Highly cross-adsorbed secondary antibodies (Alexa Fluor 488, Alexa Fluor 546) were obtained from Molecular Probes (Invitrogen). DNA was stained with Hoechst 33342 (Sigma).

Patients and families {#S22}
---------------------

Signed and informed consent was obtained from patients and family members using protocols approved by the Institutional Ethics Review Board at the University of Freiburg. We studied DNA from a total of 112 PCD patients originating from unrelated families. Clinical information of the three patients carrying homozygous *KTU* mutations was obtained by review of the medical records.

Mutational Analysis {#S23}
-------------------

Genomic DNA was isolated by standard methods directly from blood samples or from lymphocyte cultures after Epstein-Barr virus transformation. The 3 exons of KTU (C14ORF104) were amplified by PCR of 3 genomic fragments and sequenced bidirectionally by using BigDye Terminator v3.1 Cycle Sequencing Kit (Perkin Elmer). Samples were analyzed on an Applied Biosystems 3730xl DNA Analyzer. Sequence data were evaluated using the Codoncode software (CodonCode Corporation, MA). Segregation analyses were performed by sequencing.

High-speed video analysis of ciliary beat in human cells {#S24}
--------------------------------------------------------

Ciliary and sperm flagella beat was assessed with the SAVA system (Sisson-Ammons Video Analysis of ciliary beat frequency). Trans-nasal brush biopsies and sperm ejaculate were rinsed in cell culture medium and immediately viewed with an Olympus IMT-2 inverted phase-contrast microscope equipped with a Redlake ES-310 Turbo monochrome high-speed video camera (Redlake, AZ) and a 40× objective. Digital image sampling was performed at 125 frames per second and 640×480 pixel resolution.

Electron microscopy of *Chlamydomonas* {#S25}
--------------------------------------

Axonemes were isolated, fixed and processed for thin section electron microscopy as previously described^[@R39]^. Averages were generated using digital images from scanned negatives and were normalized to a region on the outside wall of the doublet microtubules. Normalization, averaging, and creation of subtracted images followed previously described procedures^[@R40]^.

Cloning the *PF13* gene {#S26}
-----------------------

See Supplementary Fig. S6.

Antibodies to *Chlamydomonas* proteins {#S27}
--------------------------------------

A portion of the *PF13* cDNA spanning amino acids 3--460 was cloned into pGEX-2T, and a bacterially expressed GST fusion protein was gel-purified and used to raise two rabbit polyclonal antisera, R1087 and R1088.

Additional antibodies used include polyclonal anti-IFT46^[@R41]^, polyclonal anti-HCα^[@R17]^, monoclonal anti-HCβ, anti-IC1, and anti-IC2^[@R42]^, monoclonal anti-HCγ 12γB^[@R43]^ and polyclonal anti-LC1, -LC2, -LC3 and -LC6^[@R44]^. Antibodies against inner row dyneins included polyclonal anti-p28^[@R26]^, polyclonal anti-IC97 (W. Sale, Emory Univ), polyclonal anti-IC140^[@R45]^, and polyclonal anti-HC9. The HC9 antibody was generated by cloning nt 859--1421 of the HC9 cDNA coding region, spanning aa 287--473^[@R46]^, into pGEX2T and using the resulting GST fusion protein to immunize rabbits (see Supplementary Fig. S4e for antibody specificity). As a marker for cytoplasmic proteins, we used a polyclonal antibody against chloroplast cytochrome f, the product of the chloroplast *PetA* gene^[@R47]^. Immunoprecipitation was done as previously described^[@R17]^.
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**a, b**, Heart looping (dashed line) at 3 days postfertilization (dpf). **c, d**, Medaka Kupffer's vesicle (KV, arrow in e) at 1.5 dpf and its schematic structure. **e, f**, Scanning EM of cilia in KV. **g--j**, Transmission EM of KV cilia (**g**, **h**; 9+0) and sperm flagella (**i**, **j**; 9+2), showing a partial or complete loss of ODA (arrowheads) and IDA (arrows) in *ktu*. **k, i**, Swimming sperm. **m,** The belly of the mutant adult (3-month-old) becomes expanded (arrowhead). **n, o,** PKD in *ktu* mutant kidney. **p**, The exon-intron structure of *ktu*, encoding a protein (solid box) with the conserved N-terminal domain (black bracket) and a domain weekly homologous to yeast PIH1/NOP17 (red bracket). A premature stop codon introduced in *ktu* is indicated by an asterisk. **q, r**, Overlay and high-power images of a nephric tubule (dotted lines) double-stained with anti-Ktu (green) and γ-tubulin (red) antibodies. Nuclei are in blue.](nihms355168f1){#F1}

![Recessive loss-of-function *KTU* mutations\
**a, b.** Homozygous mutations (c.C23A \[pS8X\]; c.1214\^1215insACGATACCTGCGTGGC \[p.G406Rfs89X\]) in two PCD patients. **c**, KTU is detectable in control respiratory cells but not in KTU mutant cells. The double band is probably explained by distinct alternative splicing products. GAPDH (loading control). **d**, In control respiratory ciliary extracts KTU is absent, whereas DNAI2 is abundant. KTU is only present in the cytoplasm. **(e--h)**, Consistent with randomization of left/right body asymmetry OP-146-II-1 exhibits *situs solitus* (e, f) and her brother (OP-146-II-3) *situs inversus totalis* (g, h). Both have chronic lung disease. HT; heart, LV; liver, KD; kidney.](nihms355168f2){#F2}

![PF13 is the *Chlamydomonas* homolog of Ktu\
**a**, micrographs of axonemes from wild type (wt), *pf13-3*, and *pf13* transformed with λ1A (pf13-R). **b**, averages of 108 wild type and 118 *pf13* doublets, and a difference image (wt-13). **c--f**, Western blots of *C. reinhardtii* proteins. ODA proteins (HCα, HCβ, IC2, LC1, LC2 and LC3), IDA proteins (IC140, IC97, and p28) and dynein c heavy chain HC9 in *pf13* in flagella (**c**) and cytoplasm (**d**). **e,** PF13 occurs in whole cells (WC) and cell bodies (CB) but not in flagella. Absence of cytochrome (Cyt) f demonstrates lack of cell body contamination in flagellar fractions. FL 50:1, a 50-fold excess of flagella. **f**, IPs of ODA dyneins from wild-type and *pf13* cell extracts probed with antibodies to ODA subunits HCβ, IC2 and LC6. **g**, A hypothesized role of PF13 in ODA assembly.](nihms355168f3){#F3}

![Ktu binds to dyneins and Hsp70\
**a**, The anti-mouse (m) Ktu antibody detects a single band of 110 --120 kDa, slightly larger size than expected (814 amino acids, 88.3 kDa), which is undetectable in mutant mice. **b**, Immunoprecipitates with anti-mKtu or rabbit (r) IgG (control) from wild-type mouse testis extracts probed with anti-DNAI2, anti-Hsp70, anti-Hsp90 and anti-Actin. **c**, Full and truncated constructs of mKtu used in **d**. **d**, GST pull-down assay. Immunoblots with the indicated antibodies after incubation of GST-recombinant proteins with testis extracts. WCE, whole-cell extracts used. The amount of GST-recombinant proteins was confirmed by Coomassie staining (Arrowheads indicate GST-proteins used for the assay).](nihms355168f4){#F4}
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